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This paper will tie together results from two disparate studies 
of coal reactivity, studies whose only uniting feature is the 
reactant coal. They will be discussed in terms of a model for the 
macromolecular structure of coal. Two very different reactions have 
been chosen to illustrate the utility and appropriateness of the 
model under very different circumstances. Not all of the predictions 
made are correct, we have very far to go. The ability to make a 
definite prediction about coal reactivity from a model is an advance. 
I hope the power and utility of viewing coal as a macromolecular 
solid will be made apparent by the selected examples. 

Coals are extraordinarily difficult materials to study, and, 
more than in most areas of science, progress is general and due to 
the efforts of the whole, rather than a few. 
Progress has been rapid recently, due in part to new ideas and 
approaches rising from the general realization that coals are 
macromolecular gels and the concepts and techniques of polymer 
science apply. 

A tiny beginning has been made in relating coal macromolecular 
structure to reactivity. The importance of macromolecular structure 
can be made clear by a consideration of the general factors which are 
important in the conversion of coals to soluble materials. The 
overall conversion rate will be a function of the number of bonds 
which must be broken to produce a soluble material, some mass 
transport terms, and the rates at which the individual chemical bond 
breakings occur. The first term is a simple function of the 
macromolecular structure. In principal, knowledge of the 
macromolecular structure will lead to a reasonable understanding of 
mass transport rates. Systematic study of mass transport in coals is 
just now beginning, despite the very important role it plays in many, 
if not most, coal reactions. The intrinsic chemical reactivity of 
individual bonds or groups, the third term, is not a function of the 
network containing those groups. Any attempt to understand coal 
reactivity in a fundamental way must include a macromolecular 
structure model of sufficient specificity to be useful for 
predictions. Neither the model nor the necessp-8 theoretical 
framework yet exist, but progress is being made . In this short 
paper a structural model will be presented and related to coal 
reactivity at both low and high temperatures. The discussion will 
cover important issues which we do not understand as well as a few we 
are beginning to understand. 

No. 6 coal having the following composition (dmmf) C 
and five hydroxyl groups per 100 carbon atoms. In dr&%~84~h!~1fidh14 
we arbitrarily assumed a cluster molecular weight of 300. The 
extractable material, that not bonded to the network, has an averaqe 
molecular weight of 900, close to experimental value for this coal . 
The number average molecular weight between cross links (M ) 
3000, higher than that given by our experiments . There esists 

The structural model is shown in Figure 1, and is for an Ill. 

is 
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I, e v i d e n c e  t h a t  t h e  u s e  of  t h e  Kovac model' u n d e r e s t i m a t e s  M . The 
c l u s t e r s  which  a r e  ne twork  b r a n c h  p o i n t s ,  which  a r e  l i n k e d  €0 more 
t h a n  t w o  o t h e r  c l u s t e r s ,  are  c i r c l ed .  The m o s t  s t a r t l i n g  f e a t u r e  of 
t h e  model is t h e  l a r g e  number o f  n e t w o r k  a c t i v e  h y d r o g e n  b o n d s ,  
d e n o t e d  by h a s h  marks .  I n  t h i s  n a t i v e  coa l ,  h y d r o g e n  bond cross l i n k s  
( b r a n c h  p o i n t s )  e x c e e d  c o v a l e n t  o n e s  by a f a c t o r  o f  f o u r .  T h i s  v a l y e  
was d e r i v e d  f r o m  s o l v e n t  s w e l l i n g  m e a s u r e m e n t s  p u b l i s h e d  e l s e w h e r e  . 
p r e d i c t i o n s  a b o u t  t h e  r a t e  o f  t h e  l o w  t e m p e r a t u r e  d i f f u s i o n  
c o n t r o l l e d  r e a c t i o n  be tween maleic  anhydfhde  a n d  coal.  T h i s  h a s  b e e n  
e s t a b l i s h e d  as  a D i e l s - A l d e r  r e a c t i o n  ' . A c o n s i d e r a t i o n  o f  t h e  
known r e a c t i v i t y  o f  maleic a n h y d r i d e  i n  D i e l s - A l d e r  r e a c t i o n s  and 
c u r r e n t  coal  s t r u c t u r a l  m o d e l s  l e a d s  t o  t h e  c o n c l u s i o n  t h a t  t h e  
r e a c t i o n  m u s t  b e  o c c u r r i n g  be tween a n t h r a c e n e  s t r u c t u r e  u n i t s  a n d  
m a l e i c  a n h y d r i d e .  N e i t h e r  b e n z e n e ,  n a p h t h a l e n e ,  or p h e n a n t h r e n e  
r eac t .  The l i n e a r  a n t h r a c e n e  s t r u c t u r e  reacts r e a d i l y ,  e i t h e r  a s  
a n t h r a c e n e  i t s e l f  a s  shown be low or when t h i s  s t r u c t u r e  is  imbedded 
i n  a l a r g e r  p o l y n u c l e a r  aromatic s y s t e m  (PNA). The e v i d e n c e  t h a t  t h e  
r e a c t i o n  is  mass t r a n s p o r t  l i m i t e d  is: t h e  r e a c t i o n  of coals is much 
slower t a t h e  r e a c t i o n  o f  a n t h r a c e n e  i t s e l f ,  t h e  r e a c t i o n  k i n e t i c s  
f o l l o w  t?', a n d  t h e  a c t i v a t i o n  energy f o r  t h e  r e a c t i o n  i n  
o - d i c h l o r o b e n z e n e  i s  7 .5  k c a l / m o l e .  

W e  w i l l  f i r s t  u s e  t h i s  model t o  make some q u a l i t a t i v e  
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W e  a n t i c i p a t e d  t h a t  s w e l l i n g  t h e  coa l  would i n c r e a s e  t h e  
r e a c t i o n  r a t e .  P a r t i c u l a r l y ,  a s  h y d r o g e n  bonds  were b r o k e n  by 
s o l v e n t s  l i k e  d i o x a n e ,  t h e  n e t w o r k  would  become more f l e x i b l e  and 
d i f f u s i o n  r a t e s  would  i n c r e a s e .  T h i s  d i d  n o t  happen  as shown by t h e  
d a t a  i n  T a b l e  1. W e  d o  n o t  u n d e r s t a n d  t h i s ,  and  p l a n  f u r t h e r  s t u d i e s .  

I n  o t h e r  r e s p e c t s ,  t h e  r e a c t i o n  seems n o r m a l .  The e f f e c t  o f  
b u l k y  g r o u p s  o n  t h e  r e a c t i o n  is  t o  s l o w  t h e  r a t e ,  a s  i l l u s t r a t e d  b y  
t h e  d a t a  f o r  f u m a r a t e  es ters  shown i n  T a b l e  2 .  D i - n e o p e n t y l  f u m a r a t e  
d o e s  n o t  u n d e r g o  a D i e l s - A l d e r  r e a c t i o n  w i t h  a n t h r a c e n e  or w i t h  t h e  
coa l .  

T h i s  r e a c t i o n  c a n  be  u s e d  a s  a n  i n t e r e s t i n g  p r o b e  o f  coal 
s t r u c t u r e  s i n c e  i t  l i m i t e d  t o  s t r u c t u r e s  c o n t a i n i n g  t h e  a n t h r a c e n e  
n u c l e u s .  The a n a l y s i s  o f  t h e  B r u c e t o n  coal u s e d  is 78 .6% C ,  5.0% H ,  
1 . 6 %  N ,  8 .3% 0 ( d i f f ) ,  1 . 2 %  S, a n d  5 . 4 %  m i n e r a l  mat te r .  F o r  e v e r y  
7 8 . 6  g o f  c a r b o n ,  18 g o f  maleic a n h y d r i d e  were added .  S i n c e  a 
minimum of 1 4  c a r b o n  atoms a re  r e q u i r e d  f o r  t h e  r e a c t i o n ,  a t  l e a s t  
3 9 %  o f  t h i s  c o a l ' s  c a r b o n  atoms are  i n  r e a c t i v e  PNA s t r u c t u r e s .  Wi th  
a n  f ( m e a s u r e d  by D r .  Ron P u g m i r e ,  Univ.  o f  U t a h )  o f  0 .73 ,  a b i t  
m o r e a t h e n  h a l f  of t h e  aromatic  c a r b o n s  must  be c o n t a i n e d  i n  r e a c t i v e  
PNA s y s t e m s .  T h i s  is a s t a r t l i n g  r e s u l t ,  and d e s e r v e s  b o t h  f u r t h e r  
c h e c k i n g  and e l a b o r a t i o n .  Work o n  t h i s  r e a c t i o n  c o n t i n u e s .  
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The n e x t  r e a c t i o n  t o  be  d i s c u s s e d  is  p y r o l y s i s  o f  a l ipf i te  and 
a b i t u m i n o u s  c o a l .  D e t a i l s  a r e  t o  be p u b l i s h e d  e l s e w h e r e  . We 
s t u d i e d  t h e  e m i s s i o n  of  v o l a t i l e  p r o d u c t s  f rom coals r a p i d l y  
p y r o l y z e d  (1000  K / S e C )  a n d  c o o l e d  (200  - 400 K/sec) on a w i r e  mesh. 
These  d a t a  were combined w i t h  measurements  o f  t h e  c r o s s - l i n k  d e n s i t y  
o f  t h e  c h a r s  by s o l v e n t  s w e l l i n g  w i t h  p y r i d i n e .  A s  shown i n  F ig .  2 ,  
t h e  c r o s s - l i n k  d e n s i t i e s  o f  t h e  c h a r s  i n c r e a s e  p a r a l l e l  w i t h  t h e  loss 
of  co and CO . With  no more e v i d e n c e  t h a n  t h i s ,  w e  c a n n o t  s a y  t h a t  
t h e  p y r o l y t i g  loss  o f  t h e  c a r b o x y l  g r o u p s  l e a d s  d i r e c t l y  t o  t h e  
f o r m a t i o n  o f  new c r o s s - l i n k s  i n  t h e  coal. The d a t a  c e r t a i n l y  a r e  
c o n s i s t e n t  w i t h  t h i s .  

The s i t u a t i o n  is v e r y  d i f f e r e n t  w i t h  t h e  b i t u m i n o u s  c o a l .  A s  
shown i n  F i g u r e  3 ,  t h e  p y r i d i n e  s w e l l i n g  d o e s  n o t  b e g i n  to  d e c r e a s e  
d u e  t o  c r o s s - l i n k  f o r m a t i o n  u n t i l  a b o u t  2/3 o f  t h e  t a r  f o r m a t i o n  h a s  
o c c u r r e d .  C r o s s  l i n k i n g  occurs a t  a l a t e  s t a g e  o f  p y r o l y s i s ,  as  must  
be t r u e  i f  a c o a l  is t o  m e l t  and form a good m e t a l l u r g i c a l  coke .  The 
measurement  of  c h a r  c r o s s - l i n k  d e n s i t i e s  makes t h e  v e r y  d i f f e r e n t  
p y r o l y s i s  b e h a v i o r  o f  l i g n i t e s  and  b i t u m i n o u s  c o a l s  v e r y  c lear  and  
a l l o w s  a q u a n t i t a t i v e  compar i son  be tween them. 

Coa l s  a r e  m a c r o m o l e c u l a r  s o l i d s ;  t h i s  h a s  l o n g  been  known. B u t  
o n l y  r e c e n t l y  h a s  t h e  s y s t e m a t i c  a p p l i c a t i o n  of  c l a s s i c a l  po lymer  
p h y s i c s  and c h e m i s t r y  t e c h n i q u e s  t o  coals o c c u r r e d .  A l l  o f  t h e  hopes  
w e  had f o r  t h e  power  and  s u c c e s s  of  t h e s e  t e c h n i q u e s  have  been  
exceeded .  W e  a r e  a v e r y  l o n g  way from a f u n d a m e n t a l  u n d e r s t a n d i n g  of 
t h e  r e l a t i o n s h i p s  be tween coal s t r u c t u r e  and r e a c t i v i t y ,  b u t  p r o g r e s s  
is b e i n g  made and t h e  p rob lem c a n  be  s o l v e d .  

Acknowledgements.  I a m  g r a t e f u l  t o  t h e  Depar tment  of Energy ,  t h e  Gas 
Resea rch  I n s t i t u t e ,  and t h e  Exxon E d u c a t i o n  F o u n d a t i o n  f o r  f i n a n c i a l  
s u p p o r t  of t h e  r e s e a r c h  d e s c r i b e d .  The names o f  my c o l l a b o r a t o r s  and 
s t u d e n t s  a p p e a r  i n  t h e  r e f e r e n c e s .  T h e i r  c o n t r i b u t i o n s  have  o f t e n  
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FIGURE 1 .  Macromolecular Structural Model f o r  An I l l i n o i s  No. 6 Coal 
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FIGURE 2. Yie lds  of Carbon Monoxide (o), Carbon Dixo ide (o), and the Rat io  o f  
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FIGURE 3. Tota l  V o l a t i l e s  Y i e l d  ( ), Tar Y i e l d  (o),  and Char Volumetric Swel l ing 

Ra t io  i n  P y r i d i n e  ( 0 )  as  a Function o f  Py ro l ys i s  Peak Temperature f o r  
Bruceton Coal 
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TABLE 1. Influence of the solvent  on the r a t e  o f  addi t ion  of maleic anhydride t o  
Bruceton coal a t  90 t 3OC 

Slopea (g h1l2)  Swelling r a t i o  Sol vent 

1,2,4-trichlorobenzene (TCB) 
o-dichlorobenzene (oDCB) 
m-dichl orobenzene (mDCB) 
p-dichlorobenzene (pDCB) 
Nitrobenzene ($NO*) 
0-xyl ene 
Dioxane 
Chlorobenzene 

0.0018 
0.0018 
0.0018 
0.0025 
0.0016 
0.0015 
0.0015 
0.0017 

1.16 
1.22 
1.42 
1.06 
1.56 
1.33 
1.62 
1.43 

aslope of a p l o t  of mass o f  coal product versus E (h)  

TABLE 2. Ratio and ex ten t  of reac t ion  of  fumarate esters w i t h  Bruceton coal 
swollen w i t h  xylene a t  200°C 

Dineophile Slope (Ag/hr’/*, X10-4) Rel. Ratea 

Dimethyl fumarate 

D i e t  hy 1 fumarate 

Di -n-hexyl fumarate 

22 

25 

32 

1 

0.95 

0.73 

Diphenyl fumarate 36 0.87 

Dineopentyl fumarate 0 0 

Maleic Anhydride 80 5.3 

aNormalized t o  a moles hr-’l2 bas is .  All reac t ions  a r e  d i f fus ion  cont ro l led  
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